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ABSTRACT

Simulation studies on the performance of IR sounders under varying conditions of cloud cover and cloud
heights are carried out for Nimbus 6. An analytic function is derived for calculating the relative response to
cloud height errors for arbitrary cloud-sensing channels. Based on the values of the response function, the
best choice of channels for determining cloud amounts are obtained. An algorithm is described for determin-
ing cloud heights and the sensitivity of cloud-height sensing channels are tested. It is found that for the
HIRS instrument, the most transparent channel in the 4.3 um band is optimal for adjusting cloud heights
while the channel in the 15 ym band peaking closest to the surface is best for determining cloud amounts.

1. Introduction

A principal consideration in the design of satellite
temperature sounders is the choice of sensing channels.
Previous studies leading to the selection of channels
concentrated on choosing frequency bands with sharp,
well-separated weighting functions to yield improved
vertical resolution. This consideration finally led to
meteorological satellites such as Nimbus 6 carrying
a family of sounders with different spectral ranges.
However, overlooked in this development was the
need to consider overall system performance, where
the response to atmospheric effects such as clouds
varies with the individual channels.

Experience with the VIPR instrument on NOAA 2
has shown that the presence of clouds in the radiome-
ter field of view is the chief factor influencing the
accuracy and yield of sounding temperature profiles.
The ditliculty in accounting for clouds in the nu-
merical derivation of temperature profiles stems from
the uncertainties in determining cloud heights, cloud
amounts and their optical properties. The response
in the different channels to errors introduced through
the determination of these cloud parameters in large
part accounts for the wide fluctuations in the ac-
curacy of the derived temperature profiles. A proper
selection of channel frequencies in the shortwave IR,
longwave IR, and microwave regions can provide the
numerical analyst with alternate schemes to minimize
the effects of clouds, thereby increasing the accuracy
and yield.

Studies at GISS, with actual VTPR data, show
that using fixed cloud heights based on climatology
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and varying as a function of latitude provide globally
averaged temperature accuracies comparable to meth-
ods which compute cloud heights and offer consider-
able savings in computer time. Errors arising from
inaccurate determinations of cloud heights are com-
pensated to some extent by adjustments in the cal-
culated cloud cover. Although average rms tempera-
ture errors are comparable, theoretically, it should be
possible to improve the overall temperature accuracy
by improving the instrument’s performance in regions
of heavy cloud cover. Sounders with channels in widely
separated bands such as for Nimbus 6 provide redun-
dant information which can be useful in determining
cloud heights and cloud amount, i.e., algorithms can
be derived which take advantage of channels peaking
at same pressure levels in different IR regions.

To test the advantages that might be gained from
such a system, simulation studies have been carried
out for the Nimbus 6 sounders, under varying condi-
tions of cloud cover and cloud heights. Results indi-
cate that sounding temperature accuracies are sen-
sitive to cloud height errors only in regions with high
(above 500 mb) clouds and heavy (more than 50%,)
cloud cover, and are relatively insensitive in regions
with moderately low clouds (below 500 mb) and light
(less than 50%) cloud cover.

Further analysis of the sensitivity of the calcula-
tions of outgoing radiance to variations in cloud height
errors show large differences for different channels.
An analytic expression has been derived for calcu-
lating this response which provides a useful estimate
for determining the temperature errors at the different
pressure levels as a function of cloud height errors.
Calculations of the relative response function for the
Nimbus 6 channels are presented in Section 3.
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An algorithm for determining cloud heights based
on a single field of view is described in Section 4.
Simulation studies using this algorithm under condi-
tions of high clouds and heavy cloud cover yield
temperatures with accuracies comparable to that ob-
tained under clear conditions. This method differs
from Chahine’s (1974) approach where he finds that
the best channels to use for cloud sounding frequencies
on multispectral sounders are in the 15 uym band.
We also find the 15 um band best for determining
cloud amounts but, in our method, the 4.3 um band
is best for adjusting cloud heights. This difference may
stem from the fact that our methods assume surface
temperatures available from other observations while
Chahine solves for the surface temperatures as well
as cloud parameters.

2. Derivation of temperature profiles

Meteorological satellites measure the outgoing ra-
diances in several spectral channels in the 4.3 um,
15 pm and microwave regions of the CQ, and O,
bands. Atmospheric temperature profiles are derived
from these measurements by solving a set of integral
radiative transfer equations. The governing radiative
transfer equations for a nonscattering atmosphere in
local thermodynamic equilibrium are assumed to
apply over a field of view which is partly covered
by a single-layer cloud at pressure p. with cloud
fraction N. The computed vertical outgoing radiances
I(v;) at wavenumbers »; i=1,2, ..., K, are ex-
pressed as

I(v)=(1=N)oc(vi)+NIa(vs), (1)

where 7 and 7.4 denote the outgoing radiances that
would be calculated if the fields of view were com-
pletely clear or cloudy respectively; they are given by

1
Tow(wi) =Bi,ps)r(vi, Py)+ B(vi,p)dr(vi,p), (2)
7(”’1::113)

1

Tea(vi) =B(vi,po)m(ve,pe) + B(vi,p)dr(vi,p). (3)

T(vivpc) -

In Egs. (1)-(3) the earth’s surface and cloud top
are assumed to behave as blackbodies, p, and p, de-
note surface and cloud-top pressures, respectively,
Blvi, T(p)] is the Planck radiance, and r(»;, p) is the
atmospheric transmission function between satellite
sensors and the pressure level p.

The current method used at GISS for deriving
temperature profiles employs a shape-preserving iter-
ative technique developed by Chahine (1974) for the
solution of Eq. (1). The outgoing radiances Ii(v;) at
the jth iteration are calculated from (1) using fixed
values of p,, N and Ti(p). The temperatures at the
next iteration 7%*!(p) are computed for the pressure
levels where the ‘“Planck-modified weighting functions,”
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B[v;, T(p)107(v:, $)/0 Inp, have their peaks. At any
of these pressure levels, we obtain a value of Planck
radiance for the next iteration j41 as

Bj+l(Vi, Pl')__-Bj(V": Pi)j("i)/lj(vi)y i= 1) 27 Tty K; (4)

where I(»:) is the satellite-measured radiance, K the
number of spectral channels, and p; the pressure level
where the curve B[, T(p)]07(vi, $)/0Inp has its
maximum. At the maximum of each channel, a tem-
perature T7t(p;) is computed from B (y;, T). The
temperatures at the pressure levels other than p; are
computed from

T (p)=ad(p)T(p), ®)

and the value of a?(p) is linearly interpolated in Inp
between values of a/(p;) where

a¥(p) =T (pa)/T4(ps). (6)

If the convergence criterion is not satisfied within
five interations a slower iteration scheme which smooths
out random noise is then used. Temperatures at each
of the pressure levels p; are computed using the
weights

K K
T (p) =T (ps) kg,l aj(l’k)Wj(Pk)/El Wi(py), (7)

where

Bi(pr) 07 (vi,p0)
Ii(w) olnp

In calculating 7(»:;) from Eq. (1), the cloud heights
are required as specified input. In the current version,
cloud heights are specified from climatological distri-
butions according to latitudinal belts. Once the values
of p. and T%(p) are given, a set of temperature pro-
files T (p,N) can be obtained as a function of the
cloud amount N.

The cloud amount is determined by first assuming
three fixed values (0, 0.50 and 0.95) of the cloud
amount parameter and solving for the temperature
profile in each case. The cloud amount is obtained by
interpolating the derived surface temperatures to
match a specified observed surface temperature from
an independent observation (Jastrow and Halem,
1973).

Wipp) = )

3. Temperature response to cloud height errors

When cloud height errors are introduced in the
derivation of temperature profiles, their effects are
propagated into the calculation of the outgoing ra-
diances. The resultant calculation of cloud amount
partially compensates for the error in the calculated
outgoing radiance. For example, if the clouds are
assumed too high, the calculated cloud amount is
smaller than it should be. This compensation in cloud
amount brings about a change in the shape of the
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derived temperature profiles which is directly related
to the temperature error. An analytic expression is
derived below which estimates the accuracies of the
sounding temperature as a function of cloud height
€rrors.

Assuming an exact knowledge of the vertical tem-
perature profile as available from radiosonde observa-
tions and an exact knowledge of the atmospheric
transmission functions, the error in the radiance for
any channel produced by small uncertainties in cloud
height and cloud amount can be calculated from a
‘Taylor series approximation of Eq. (1) as follows:

Icld

¢ ' Pe

1[5, N, T (9)1=I(»)+NAp.

+AN[Icld (») —jclr(y)]) )

where the bar quantities are the assumed known
values, and

1) =I[v, 5, N,T ()],
Icl\'(v) =Iclr[VJ T(ﬁ)]!
Icld (» =Icld[”1 Doy T(P)];
Apc=p¢_fc)
AN=N-N.
Prescribing an arbitrary height error Ap. in Eq. (9),
and solving for the associated cloud amount AN in a
given channel, say v, to make the calculated value

I(vo, pe, N,T) _agree with the measured value I(vo)
yields )

AN=NAp,

aIcld
0p.

However, the calculated value of I, p., N, T(p)]
using these values of cloud amount and cloud height
will not, in general, be equal to I(») for other channels.

The magnitude of the difference between the mea-
sured and the calculated radiance in any channel »
obtained by substituting this value of AN into Eq.

9) is _
AI(”) =NAPGR(V0) v, ﬁc)i (11)

where AI(»)=1I[», po, N, T($)]~I(») and the function
R of cloud height for any channel » relative to the
specified channel », is given by

) /[jclr(VO);jcld(Vo)]. ‘(10)

R( ﬁ )=aIcid(V) [jclr(”) _jcld(”)]
v s 3. [He(wo)—Ieia(vo)]
Nhakaac BOTS
apc Pe

The value of R depends on the two terms in Eq. (12);
the first term accounts for the direct effects of cloud
height errors in a given channel, while the second
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term accounts for the relative effect produced by
errors in cloud cover.

This error AI(v) in the calculated radiance provides
information on the related error occurring in the
derivation of the temperature profile. Since the exact
solution, 7'(p), does not satisfy the measured radiances
with these values of Ap. and AN, the temperature
profile is modified in such a way as to make
I[v, pe, N, T(p)]=1(v). The magnitude of the modi-
fication AT(p) is a measure of the error produced
by these cloud parameters.

a. Properties of the response funciion R(vo, v, Pc)

One usually selects the most transparent channels
for »e, in calculating the relative response function
R(vo, v, pc), because they are most sensitive to cloud
height errors and produce the largest errors in AI(»).
The values of R(vo, v, Pc)/Lcir(v) are shown in Fig. 1
for three choices of frequency vo and for a range of
values of P.. The spectral channels used for the re-
sponse function in Fig. 1 are listed in Table 1. The
channels and associated noise levels are taken from
the prototype HIRS instrument for Nimbus 6 (W.
Smith, NESS, private correspondence). The peaks of
the Planck-modified weighting function B[», T(p)]
X37(v,p)/0 Inp determine the portions of the atmo-
sphere where their contributions to the measured
radiances are substantial. The temperature profile
T(p) used for computing the values of R(vo, 7, pc)/
I.:(v) is typical of the April, mid-latitude regions.
Properties of R(vo, v, p;) are similar when standard
tropical temperatures are used.

In Table 1, the channels »="749, 2210 and 2190 cm™
are used for determining cloud heights and cloud
amounts, and the other channels are used for cal-
culating the temperature profile. It can be seen from
Fig. 1 that the vallfes of R(wo, v, po) are positive for
the temperature sensing channels listed in Table 1,
except at high altitude for the 2240 cm™ channel in
Fig. 1a with »o=749 cm™. A similar calculation of
R(vo, v, pc) for the VIPR instrument indicated that
R is always positive. Thus, the error produced in the
calculated radiance will be consistently larger or
smaller than the observed radiance depending on
whether Ap, is positive or negative, respectively.

Generally, the magnitude of R(vo, v, pc)/Ierc(v) de-
creases with increasing value of P,. For example, the
value of R(vo, v, Po)/Ierc(v) decreased from 11.2XX107
to 2X10~¢ for »o=2190 cm™ and »=733 cm™ as P.
increases from 320 to 600 mb. Furthermore, the value
of R(vo, v, Pc)/Iar:(v) indicates the magnitude and
direction of the adjusted temperature profiles. For a
case where we take wo=2190 cm™, p,=600 mb, and
an error in cloud height of 100 mb, the cloud parame-
ters p, and N that satisfy I(vo) introduce errors of
29, and 5%, in the calculated radiances [ (v) for »
equal to 733 and 2240 cm™, respectively. In order
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_ F16. 1. Normalized radiance response function, R(ve,v,pc)/
L1 (v), per unit cloud height error for three choices of cloud amount
sensing channels, »o="749, 2210 and 2190 cm™. Radiance errors
in the temperature sensing channels are seen to be smallest in
Fig. la where vo="749 cm™ is used to determine cloud amounts
and largest in Fig. 1c for »o=2190 cm™,
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to compensate for these errors, the correct tem-
peratures at 8030 and 625 mb are shifted to lower
temperatures.

A direct estimate of the temperature errors arising
from specified cloud height errors can now be derived.
Let T'(p) be the derived temperature profile such
that I[v;, pe, N, T(p)]=1I(v:). Substituting this value
of I[v;, pe, N, T(p)] into Eq. (11) and dividing by
I[vi, pe, N, T(p)], and again applying Eq. (1) to the
right-hand denominator, gives

I[vi, pet-Ape, N+AN, T(p)]

I[vi, p4Ape, N+AN, T(p)]
B NApR(vo,v:,pe)
I +NApRGo b))

Let B./B; approximate the ratio of the outgoing
radiances on the left-hand side of Eq. (13), where

(13)
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B, and B; are the abbreviated versions of B[»;, T(p:)]
and B[, T(p:)] respectively. After substituting this
ratio in Eq. (13), and expanding the right-hand side
about NAp.R/I(v;) which is <1, we obtain

B; -‘Bi ~~ —B,;N——-———Apcfz(vo,v’pcz.
I(v)

Taking a first-order approximation for AB; one
finally arrives at the direct estimate of the tempera-
ture error

(14)

_ _ NAP‘;R(V(),V,P_C) oT
T(p)-Tp)=-Bi——m——
I(v)

Eq. (15) provides an estimate of the sign and the
magnitude of the temperature error as a function of
the cloud height error. If the cloud height is pre-
scribed at a lower altitude than the true cloud height
(i.e., Ap.>0) and R(vo, v, P.) is positive, then clearly
the estimated temperature 7'; will be colder [i.e.,
T(p)<T(p:)]

The magnitude of the temperature error depends
mainly on the magnitude of the frequency response
function R(vq, », p.). Fig. 2 shows the temperature
error per unit cloud height error for a situation with
509% cloud cover., Cases A, B, C consider the tem-
perature errors for three possible channels used to
determine cloud amounts. It can be seen that the
magnitude of the temperature error is smaller for
larger values of P.. It is smaller than 0.008°C mb—!
for p.>600 mb for all three cases. This means that
for an error of 100 mb in the cloud heights, the errors
in the derived temperatures will be less than 0.8°C
for any pressure level. On the other hand, if §.=400 mb,
N=0.5 and Ap.,=100 mb, errors in the derived tem-
peratures at some pressure level could be as large as

(15)

aB; B.'==l§,-.

TasiE 1. Some Nimbus 6 spectral channels and
prototype instrument noise levels.

Peak of  Instrument
B(»T) noise
Wavenumber X ar(»,p)/ (erg cm™
(cm™) 3 Inp (mb) s!srlcm)
( T(p) Stand-
ard mid-
latitude
profile
668.5 7 2.71
Temperature-sensing J 680 50 0.59
channels 690 120 0.45
703 380 0.35
2270 450 0.005
716 575 0.40
2240 625 0.005
L 733 800 0.41
749 sfc 0.31
Cloud-sensing { 2210 sfc 0.005
channels 2190 sfc 0.005
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F16. 2. Magnitude and direction of temperature errors per unit
cloud height error for three choices of cloud-sensing channels.
The temperature errors are largest for Fig. 2c where a 100 mb
error would produce a —2.5°C error at 575 mb, a —1.4°C error
at 625 mb and a —3.0°C error at 800 mb, when the exact cloud
height p.=400 mb.

030

3°C because of errors in cloud heights. Therefore, in
regions with high clouds, errors introduced by cloud
height uncertainties account for the large errors.
However, by choosing the 749 cm™ channel for de-
termining the cloud amounts, the effects of the cloud
height errors on the derived temperature profile are
smaller than they would be using the 2210 and the
2190 cm™! channels.

4. A new algorithm for cloud height determinations

In the earlier work (Jastrow and Halem, 1973) an
algorithm for determining the cloud height using mini-
mum and maximum radiance measurements over a
4°X35° region was described. Subsequent tests using
real VIPR data showed that no significant improve-
ments with this method are gained compared with
using climatological cloud heights. The reason is that
the VIPR channels are not sensitive encugh to dis-
criminate small cloud height errors. In the inversion
technique described in Section 2, cloud amounts and
temperature profiles are determined from specified
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cloud heights and known surface temperatures. The
specified cloud height p., the computed cloud amount N,
and temperature profile T(p) satisfy the measured
radiances in all of the channels used in deriving the
temperature profiles.

However, the solution will not necessarily satisfy

the observed radiances in the additional transparent

channel in the 4.3 and 15 pm regions available on the
HIRS instrument. But the useful information provided
by these channels make possible an automatic cloud
height algorithm not possible with the VIPR. Proper-
ties of the response function R(vy, », p) indicate which
channels should be chosen to adjust the cloud heights
so as to minimize the radiance errors on the tempera-
ture sensing channels with a minimum distortion of
the exact temperature profile.
If we define

R,(VO) Vi, I_)Cr N)

=[—BiNR(vo, vi, p.)/I(v)10T/0B:|5,.5,, (16)

then the principle idea in optimizing the instrument
performance should be to select a pair of spectral
channels (o, »c) such that for ‘the temperature sen-
sing profiles »; the values of R'(vo, #4, P, V) are mini-
mized while the difference between R’(vq, v:, Be, N)
and R'(vo, ve, Pey N) is maximized. The temperature
profiles derived from the set of spectral channels with
small values of R’(vo, v:, B, V) will be less sensitive
to cloud height errors than those derived from the
spectral channels with larger values of R’ (vo, vi, Pe, V).
The choice of a spectral channel », which maximizes the
difference between R'(vo, ve, Do, N) and R’ (vo, vi, Pe, V)
will make the cloud height errors easier to detect
since the difference between the calculated radiance
I[ve, petApe, N+AN, T(p)] and the “measured” ra-
diance I(v.) will also be large. In particular, the best
set of spectral channels to use for Nimbus 6 are the
channels with »o=749 cm™ and »,=2190 cm™.

According to the results shown in Fig. Za- with
vp=749 cm™ and »,=2190 cm™, the values of
R’ (vo, ve, P, N) are positive and those of R’ (vq, vi, Pe, N)
are negative except for »;=2240 cm™ at p, <340 mb.
Negative values of R’(vo, vi, Pe, N) imply that if
pe>pP. the calculated  temperature proﬁles will be
distorted to the lower temperature side, or in general,
T(p)<T(p). Positive values of R’(vo, v, Pe, N) imply
that I{v., pe, N, T(p)] is smaller than I(v.) for po>p..
Since the values of R!(vo, vi, Psy N) are negative,
T(p)<T(p) for p.>0; hence, the discrepancy between
I[v., pe, N, T(p)] and I(r.) will be even larger than
that between I[ve, pe, N, T(p)] and I(».).

An automatic process for adjusting cloud
height will depend on the discrepancies between
I[ve, pe, N, T(p)] and I(v,). From Eq. (11), negative
values of R(V(), ve, Pe) and pe>pc imply that if the
computed cloud height and cloud amount that sat-
isfy the observed radiance for the channel »o will
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always result in an outgoing radiance that is too
small for the channel ».. For the case shown in Fig. 1a
with positive values of R{o, »;, p.) and negative values
of R(vo, ve, ey, U I[ve, pe, N, T(p)]1<I(v.), We con-
clude that p. is too large (i.e., the cloud top is too
low) and should be adjusted to a higher level.

The following steps describe a detailed algorithm
for deriving temperature profiles in the presence of
clouds:

1. Choose an initial temperature profile 7°(p), an
initial cloud height #9, and an initial cloud
amount N°.

2. Calculate Ii(v;) for all channels and compute
the temperature profile 79+(p) as described in
Section 2, where 7 is the number of iteration.

3. If the calculated surface air temperature 77+1(p,)
is within 1°C of the earth’s surface temperature
T,, go to step 5. Otherwise go to the next step.

4. Adjust cloud amount N7 by a small positive
amount AN. If T#(p,)>T,, N7 is replaced by
Ni—AN; if T#(p,)<T,, N7 is replaced by
Ni+4+AN. Return to step 2.

5. Compute the value of 771 (v,). If |17 (v,) —I (v.) |
is smaller than the noise level of the instrument,
then T4 (p), pi and N/ are the approximate
solutions. Otherwise go to the next step.

6. If 171 (v,)>1(v.), then p! is too small (i.e., the
cloud top is too high), and it is adjusted by a
small positive amount Ap as pit'=pl4Ap. If
I*(y)<I(y.), then the cloud height is adjusted
as pit!=pI—Ap. Return to step 2.

5. Numerical experiments

The profiles used for simulating the outgoing ra-
diance were taken from mid-latitude radiosonde ob-
servations for the month of April with arbitrary cloud
height and cloud amounts. The simulated satellite
“observed” radiances were calculated from Eq. (1),
including random instrument noise. Standard devia-
tions of the random errors are listed in Table 1, except
the noise level for the 668.5 cm™! channel is reduced
to 0.59 erg cm? s~ sr! cm. Temperature profiles
were then computed from the procedures discussed
in Section 2, and cloud heights were adjusted ac-
cording to the algorithm described in Section 4. The
first guess in deriving temperature profiles was taken
from the April Standard Atmosphere for mid-latitude.

In this study, three numerical experiments are per-
formed. From Table 1, it can be seen that there are
three channels with peaks of the Planck-modified
weighting function located at the surface. In the
derivation of the temperature profiles only one of
these three cloud channels, together with the other
eight channels is used,

Fig. 3 shows rms temperature errors as a function
of cloud height errors for two cloudy situations. The
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F16. 3. Root mean square temperature errors as functions of
cloud height errors for two cases. In the first case (Fig. 3a) where
heavy cloud cover and high clouds are assumed, the sensitivity to
cloud height errors is greatest when channel »o=2190 cm™ is used
for cloud amount. In the second case (Fig. 3b) for medium cloud
conditions, the temperature errors are less sensitive to cloud height
errors. The channel with largest response in both cases is »o=2190
cm™,

first case shown in Fig. 3a is for high clouds with
heavy cloud cover (i.e., $.=360 mb and N =0.7) and
the second case shown in Fig. 3b is for lower clouds
and medium cloud cover (i.e., =500 mb and N =0.5).
In both cases, the rms errors are almost 1.6°C when
the prescribed cloud heights are close to the actual
cloud heights. As the cloud height error increases, the
rms error in the derived temperature profiles also
increases; moreover, it increases faster for »o=2190
cm™ than for »9=749 and 2210 cm™. It also can be
seen in comparing Figs. 3a and 3b that the rms errors
of the derived temperature profiles are more sensitive
to cloud height errors for high clouds with heavy
cloud cover. For »p=2190 cm™, Fig. 3b shows the
rms error increases only slightly from 1.5 to 1.8°C
as p. changes from 500 to 400 mb, but in Fig. 3a it
increases rapidly from 1.5 to 3.9°C as p. changes
from 360 to 260 mb. These results are in agreement
with the values of R’(vy, v, P, V) shown in Fig. 2.
Figs. 4 and 5 show the differences between the
derived and the exact temperatures for two cloud
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F1c. 4. Temperature errors as a function of pressure for »o=749 cm™. p, is the
prescribed cloud height, and p. and N are the exact cloud heights and amounts.
The solid line indicates that overestimating the cloud height produces warmer
profiles than the exact temperature profiles and the dashed lines show that under-
estimating cloud height produces colder profiles.

conditions for »o=749 and 2190 cm™'. In both cases
it is seen that the derived temperatures are con-
sistently larger than the exact ones if p.<p. and are
smaller than the exact ones if p.>p.. The differences,
T(p)—T(p), are largest for the case with »p=2190
cm™, $,=360 mb and N=0.7. These results are as
expected from the signs and magnitudes of
R (v, vi, Pc, N) shown previously in Fig. 2.

The radiances 7 (v;} computed for a prescribed cloud
height from which the derived temperature profile
and cloud amount were obtained agrees with the
measured radiances [(v;) by definition of solution.
When the derived temperature profile and cloud
amount are substituted in the cloud-sensing chan-
nel v, the computed radiance 7(v.) will, in general,
not agree with the “observed” radiance I (v.). »

Fig. 6 shows the percent of radiance error, [I(v.)
—I(v)]/I(ve) X100, in ‘the cloud-sensing channel as
a function of cloud height errors for two cases. In both
cases, the cloud-sensing channel is ».=2190 cm™ and
the channel for cloud amount is 749 cm. Fig. 6a is
the case with high clouds and heavy cloud cover,
i.e., Pe=360 mb and N =0.7 and Fig. 6b is the case

with lower clouds.and less cloud cover, i.e., =500 mb
and N=0.5. Since the values of R(», v., §.) shown in
Fig. 1 are negative, values of I(v.)—1(v.) are negative
for p.>p. and positive for p.<p.. Although the rms
errors of the derived temperature profiles are less
sensitive to the cloud height errors for low clouds and
small cloud amount, cloud height is more difhcult to
adjust. This is seen in Fig. 6b where the change of
the percent of radiance error in the cloud-sensing
channel is about 5.49, per 100 mb while that in
Fig. 6a is about 209, per 100 mb. For the same errors
in cloud heights, the discrepancy between 7(»c) and
I(v.) for the latter case is about four times larger
than that for the former case and, accordingly, the
cloud height is easier to adjust for the latter case.
In both cases, however, the use of the 2190 cm™
channel for adjusting the cloud heights is very eificient.

Figs. 6a and 6b also yields a cloud amount de-
termined from the cloud height algorithm which
searches for the value of p. which gives a minimum
radiance error compared with the “observed” radiance
in the cloud-sensing channel v.. In both cases the correct
cloud amounts were obtained.
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Fi16. S. As in Fig. 4 except for vo=2190 cm™.
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Fi1G. 6. Percentage of errors between the computed and measured
radiances in the cloud-sensing channel, ».=2190 cm™. The sign
of these errors indicate the direction for adjusting the cloud
height. A positive error indicates cloud height is overestimated
and should be lowered. It is seen in Fig. 6a that errors are more
sensitive under heavy cloud cover and high clouds. The values in
parentheses are the derived cloud amounts.

6. Conclusions

If maximum performance is to be obtained from
future multispectral range sounders, then careful con-
sideration of cloud effects on the choice of channels
becomes a principal factor. The response function
R’ (vo, vi, Pey N) provides a useful measure for de-
termining the effects of cloud height errors on the
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derived temperature profiles. The magnitudes and
signs of the errors expected in the temperature profiles
can be estimated from this function. If the magni-
tudes of the response function are large, then the
errors induced in the derived temperature profile will
also be large. Moreover, if the values of the response
function are positive and the cloud height is over-
estimated (i.e., p.<p.), then the derived temperatures
will tend to be warmer than the actual temperatures.

In selecting channels, simulation studies for the
proposed instrument should be carried out to determine
the set of channels in the spectral ranges chosen that
minimize the values of the response function to cloud
effects. Furthermore, the values of the response func-
tion will indicate which channels would be best for
cloud filtering. The governing principle in selecting
channels to determine cloud heights is to maximize
the spreads between the values of R/(vo, »;, P, N) and
R'{», v, Pe, V) in order to be more sensitive to cloud
height errors. A large discrepancy between the com-
puted and measured radiances in the cloud sensing
channel makes it easier to adjust the cloud heights.
Results show that the best choice for this purpose is
usually the most transparent channel in the 4.3 um
range.

On the other hand, somewhat different considera-
tions should be given to determining cloud amounts.
Since surface temperatures are available from other
instruments, a relatively transparent channel with its
Planck-modified weighting function located at the
surface is not as helpful as would be a less transparent
channel with its peak located at, say, 800 mb. In this
case, the magnitude of the response function
R'(vo, »i, Pe, N) will be smaller, and the spread be-
tween R'(vo, vi, De, V) and R'(w, ve, Do, N) will be
even larger.
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